Charmless hadronic decays of B mesons to a vector meson (V ) and a tensor meson (T ) are analyzed in the frameworks of both flavor SU(3) symmetry and generalized factorization. We also make comments on B decays to two tensor mesons in the final states. Certain ways to test validity of the generalized factorization are proposed, using B → V T decays. We calculate the branching ratios and CP asymmetries using the full effective Hamiltonian including all the penguin operators and the form factors obtained in the non-relativistic quark model of Isgur, Scora, Grinstein and Wise. *
I. INTRODUCTION
In the next few years B factories operating at KEK and SLAC will provide plenty of new experimental data on B decays. It is expected that improved new bound will be put on the branching ratios for various decay modes and many decay modes with small branching ratios will be observed for the first time. Thus more information on rare decays of B mesons will be available soon. Experimentally several tensor mesons have been observed [1] , such as the isovector a 2 (1320), the isoscalars f 2 (1270), f 
In particular, the process B → K * 2 γ has been observed for the first time by the CLEO Collaboration with a branching ratio of (1.66 +0.59 −0.53 ± 0.13) × 10 −5 [2] .
There have been a few works [3] [4] [5] studying two-body hadronic B decays involving a tensor meson T (J P = 2 + ) in the final state using the non-relativistic quark model of Isgur, Scora, Grinstein and Wise (ISGW) [6] with the factorization ansatz. However, those works considered only the tree diagram contribution even in charmless B decays to P T (P denotes a pseudoscalar meson) and V T , such as B → η (′) a 2 and B → φf
2 . In most cases of the charmless ∆S = 0 processes, the dominant contribution arises from the tree diagram and the contributions from the penguin diagrams are very small. But in some cases such as B → η (′) a 2 and η (′) f
2 , the penguin diagrams could provide sizable contributions. Furthermore, in the charmless |∆S| = 1 decay processes, the penguin diagram contribution is enhanced by the CKM matrix elements V * tb V ts and becomes dominant.
In a recent work [7] , we have studied B decays to a pseudoscalar meson and a tensor meson.
In this work, the previous analysis is extended to charmless hadronic decays of B mesons to a vector meson and a tensor meson in the frameworks of both flavor SU(3) symmetry and the generalized factorization. We also comment on B decays to two tensor mesons in the final states.
Purely based on the flavor SU(3) symmetry, we first present a model-independent analysis in B → V T decays. Then we use the full effective Hamiltonian including all the penguin operators and the ISGW quark model to calculate the branching ratios for B → V T decays. Since we include both the tree and the penguin diagram contributions to decay processes, we are able to calculate the branching ratios for all the charmless |∆S| = 1 decays and the relevant CP asymmetries. In order to bridge the flavor SU(3) approach and the factorization approach, we present a set of relations between a flavor SU(3) amplitude and a corresponding amplitude in the factorization in B → V T decays. Certain ways to test validity of the generalized factorization are proposed by emphasizing interplay between both approaches.
This work is organized as follows. In Sec. II we discuss the notations for SU(3) decomposition and the full effective Hamiltonian for B decays. We also make some comments on B → T T decays in Sec. II . In Sec. III we present a model-independent analysis of B → V T decays based on SU(3) symmetry. In Sec. IV the two-body decays B → V T are analyzed in the framework of generalized factorization. The branching ratios and CP asymmetries are calculated using the form factors obtained in the ISGW quark model. Finally, in Sec. V we conclude our analysis.
II. FRAMEWORK
Since in B → V T decays there are three possible partial waves with l = 1, 2, 3 in the final state, B → V T processes are more complicated than B → P T processes. For the SU(3) analysis of B → V T decays, these partial waves in the final state need to be separated out. We will assume that this can be done by certain methods such as one using angular distributions in B → V V decays [8] . In the flavor SU(3) approach, the decay amplitudes of two-body B decays are decomposed into linear combinations of the SU(3) amplitudes, which are reduced matrix elements defined in Ref. [9] . In SU(3) decomposition of decay amplitudes of the B → V T processes, we choose the notations given in Refs. [9] [10] [11] as follows: We represent the decay amplitudes in terms of the basis of quark diagram contributions, T (tree), C (color-suppressed tree), P (QCD-penguin), S (additional penguin effect involving SU(3)-singlet mesons), E (exchange), A (annihilation), and PA (penguin annihilation). The amplitudes E, A and PA may be neglected to a good approximation because of a suppression factor of f B /m B ≈ 5%. For later convenience we also denote the electroweak (EW) penguin effects explicitly as P EW (colorfavored EW penguin) and P C EW (color-suppressed EW penguin), even though in terms of quark diagrams the inclusion of these EW penguin effects only leads to the following replacement without introducing new SU(3) amplitudes;
P EW . We use the following phase convention for the vector and the tensor mesons:
where the mixing angle φ T is given by
In the factorization scheme, we first consider the effective weak Hamiltonian. We then use the generalized factorization approximation to derive hadronic matrix elements by saturating the vacuum state in all possible ways. The method includes color octet non-factorizable contribution by treating ξ ≡ 1/N c (N c denotes the effective number of color) as an adjustable parameter. The generalized factorization approximation has been quite successfully used in two-body D decays as well as B → D decays [13] . The effective weak Hamiltonian for hadronic ∆B = 1 decays can be written as
where O i 's are defined as
Here c i 's are the Wilson coefficients (WC's) evaluated at the renormalization scale µ. And are the EW penguin operators due to γ and Z exchange, and box diagrams at loop level. We shall take into account the chromomagnetic operator O 11 but neglect the extremely small contribution from O 12 . The dipole contribution is in general quite small, and is of the order of 10% for penguin dominated modes. For all the other modes it can be neglected [14] .
We use the ISGW quark model to analyze two-body charmless decay processes B → V T in the framework of generalized factorization. We describe the parameterizations of the hadronic matrix elements in B → V T decays [6] :
where j µ = V µ − A µ . V µ and A µ denote a vector and an axial-vector current, respectively. 
in the ISGW quark model [6] . p B and p T denote the momentum of the B meson and the tensor meson, respectively.
The polarization tensor ǫ µν of the tensor meson T satisfies the following properties [15] :
where λ is the helicity index of the tensor meson. We note that due to the above properties of the polarization tensor, the matrix element 0|j µ |T vanishes:
Thus, in the generalized factorization scheme, just as in the case of B → P T decays, the decay amplitudes for B → V T can be considerably simplified, compared to those for other two-body charmless decays of B mesons such as B → P P , P V , and V V : Any decay amplitude for B → V T is simply proportional to the decay constant f V and a certain linear combination of the form factors F B→T , i.e., there is no such amplitude proportional to f T × (form factor for B → V ).
We would like to make comments on decays of B mesons to two tensor mesons in the final state. Since 0|j µ |T = 0, in the factorization scheme the decay amplitude for B → T T decays always vanishes:
Non-zero of a rate for any B → T T decay would arise from non-factorizable effects or final state interactions. Therefore, search for any B → T T modes in future experiment can provide a critical test of the factorization ansatz.
III. FLAVOR SU(3) ANALYSIS OF B → V T DECAYS
We list the B → V T decay modes in terms of the SU(3) amplitudes. The coefficients of the SU(3) amplitudes in B → V T are listed in Tables I and II for strangeness-conserving (∆S = 0) and strangeness-changing (|∆S| = 1) processes, respectively. In the tables, the unprimed and the primed letters denote ∆S = 0 and |∆S| = 1 processes, respectively. The subscript, V in
.., on each SU(3) amplitude is used to describe such a case that the meson, which includes the spectator quark in the corresponding quark diagram, is the vector V or the tensor T . Note that the coefficients of the SU(3) amplitudes with the subscript V , which would be proportional to f T × F B→V , are expressed in square brackets. As explained in Sec.
II, the contributions of the SU(3) amplitudes with the subscript V vanish in the framework of factorization, because those contributions contain the matrix element T |J weak µ |0 which is zero, see Eq. (10). Thus, it will be interesting to compare the results obtained in the SU(3) analysis with those obtained in the factorization scheme, as we shall see. We will present some ways to test validity of both schemes in future experiment.
Among the ∆S = 0 amplitudes, the tree diagram contribution is expected to be largest so that from Table I decays, cos φ T = 0.99 and sin φ T = 0.13, since the mixing angle φ T ≈ 7 0 . The amplitudes for the processes B → φf
2 , φa 2 , and K * K * 2 have only penguin diagram contributions, and so they are expected to be small. In principle, the penguin contribution (combined with the smaller color-suppressed EW
. The tree contribution (combined with much smaller color-suppressed EW penguin)
and ωf ′ 2 have the color-suppressed tree contributions, C T (C V ), but are suppressed by sin φ T so that they are expected to be small. We shall see that these expectations based on the SU(3) approach are consistent with those calculated in the factorization approximation. However, there exist some cases in which the predictions based on both approaches are inconsistent. Note that in Table I 
As previously explained, in factorization the rates for these processes vanish because all the SU(3) amplitudes are with the subscript V . Non-zero of decay rates for these processes would arise from non-factorizable effects or final state interactions. Thus, in principle one can test validity of the factorization ansatz by measuring the rates for these decays in future experiment.
Furthermore, the non-factorizable penguin contribution, if exists, (combined with the smaller
Also, supposing that P V is very small compared to T V as usual, one can determine the magnitude of T V by measuring the rate for B 0 → ρ − a + 2 . In the |∆S| = 1 decays, the (strong) penguin contribution P ′ is expected to dominate because of enhancement by the ratio of the CKM elements |V * tb V ts |/|V * ub V us | ≈ 50. We note that the amplitudes for
2 have only penguin contributions, respectively, as follows:
Thus the penguin contribution (combined with the smaller color-suppressed EW penguin) p
) By comparing the branching ratios for these two modes measured in experiment, one can determine which contribution (i.e., p 
2 ) is given by Eq. (15) and
Thus, in principle measurement of the rates for these decays can be used to test the factorization ansatz. We also note that the decay amplitudes
2 can be respectively written as
Since in factorization only the amplitudes having the subscript T does not vanish, we shall see
2 ) in the factorization scheme, where B denotes the branching ratio. Thus, if T ′ V or P ′ V is (not zero and) not very suppressed compared to C ′ T , then there would be a sizable discrepancy in the relation B(
2 ), and in principle it can be tested in experiment.
From Tables I and II, we find some useful relations among the decay amplitudes. The equivalence relations are: for the ∆S = 0 modes,
and for the |∆S| = 1 modes,
The quadrangle relations are: for the ∆S = 0 processes,
and for the |∆S| = 1 processes,
where c ≡ cos φ T and s ≡ sin φ T . Note that the above relations are derived, purely based on flavor SU(3) symmetry. In the factorization scheme, (neglecting the SU(3) amplitudes with the subscript V ) we would have in addition the approximate relations as follows. 1 The following factorization relation would hold:
The quadrangle relations given in Eqs. (20, 21) would be divided into the following factorization relations: for the ∆S = 0 processes,
Therefore, in principle the above relations given in Eqs. (22, 23, 24) provide an interesting way to test the factorization scheme by measuring and comparing magnitudes of the decay amplitudes involved in the relations. In consideration of SU (3) breaking effects, the relation in Eq. (22) is best to use, because in fact the relation arises from isospin symmetry assuming (22) will approximately hold.)
IV. ANALYSIS OF B → V T IN THE ISGUR-SCORA-GRINSTEIN-WISE MODEL
We present a set of relations between a flavor SU(3) amplitude involved in B → V T decays and a corresponding amplitude in the generalized factorization, which bridge both approaches in B → V T decays as follows [16] . (Note that all the SU(3) amplitudes with the subscript P , such as T (′) P etc., vanish because those are proportional to the matrix element T |j µ |0 .)
where
Here the effective coefficients a i are defined as a i = c Table I and the relations (25), the amplitude of the process B + → ρ + a 0 2 can be written as
Here we have used the fact that C V , P V , P EW,V , and P C EW,V with the subscript V all vanish in factorization. Expressions for all the amplitudes of B → V T decays are given in Appendix as calculated in the factorization scheme.
The unpolarized decay rate for B → V T is given by
where | p V | is the magnitude of three-momentum of the final state particle
in the rest frame of the B meson. The effective coefficients a i are defined as in Eq. (25). The factors X , Y, and Z, respectively, are given by
Here we have summed over polarizations of the tensor meson T using the following formula [4] : 2 In the factorization scheme, we use the usual phase convention for the pseudoscalar and the tensor mesons as follows:
T . The CP asymmetry, A CP , is defined by
where B and f denote b quark and a generic final state, respectively.
We calculate the branching ratios and CP asymmetries for B → V T decay modes for various input parameter values. The predictions are sensitive to several input parameters, such as the form factors, the strange quark mass, the parameter ξ ≡ 1/N c , the CKM matrix elements and in particular, the weak phase γ. In a recent work [14] on charmless B decays to two light mesons such as P P and V P , it has been shown that the favored values of the input parameters 
We use the values of the form factors for the B → T transition calculated in the ISGW model [6] . The strange quark mass m s is in considerable doubt: i.e., QCD sum rules give m s (1 GeV) = (175 ± 25) MeV and lattice gauge theory gives m s (2 GeV) = (100 ± 20 ± 10)
MeV in the quenched lattice calculation [19] . with the favored value of ξ ≈ 0.5 [24] . Also, as mentioned above, a recent analysis of charmless B decays to two light mesons such as P P and V P [14] shows that ξ ≈ 0.45 is favored with certain values of other parameters for the best fit to the recent CLEO data.
The branching ratios for B → V T decay modes with ∆S = 0 are shown in Table III is proportional to sin φ T = 0.13, instead of cos φ T = 0.99 which is a proportional factor of the latter decay rate. This prediction is consistent with that based on flavor SU(3) symmetry. We see that in the factorization scheme the following equality between the branching ratios holds for any set of the parameters given above:
, as discussed in Eq. (22) . (Little deviation from the exact equality arises from breaking of isospin symmetry.)
We also see from Table III This is because in factorization the dominant contribution to the former mode arises from the color-suppressed tree diagram (C T ) and further the C T destructively interferes with P T , while the dominant one to the latter mode arises from the color-favored tree diagram (T T ) and the T T constructively interferes with P T . We note that B(B + → ρ 0 a In Table VII , we show the ratio B(B → V T )/B(B → P T ) for ∆S = 0 decays, where quark contents of V and P are identical. For comparison, we choose the modes
, and
2 ) in B → V T (B → P T ) whose decay amplitudes have the dominant tree diagram contribution T T . For these modes, the ratio B(B → V T )/B(B → P T ) can be written as
In the ratio, the dependence on G F , the CKM matrix elements, and the effective coefficients a i does not appear. The ratio depends only on the form factors for B → T calculated in the ISGW model, in addition to masses of P , V and T , and the decay constants f P and f V . Thus, the ISGW model and the factorization scheme can be tested by measuring the above ratio for different modes, as shown in Table VII , in future experiment. Table VII The branching ratios and CP asymmetries for |∆S| = 1 decay processes are shown in Table   V and VI, respectively. In |∆S| = 1 decays, the relevant penguin diagrams give dominant contribution to the decay rates. We see that the branching ratios for |∆S| = 1 decays are in range between O(10 −7 ) and O(10 −10 ), similar to those for ∆S = 0 decays. The processes In Table VII , we show the ratio B(B → V T )/B(B → P T ) for the modes
, and in |∆S| = 1 decays, are expected to have the largest decay rates and so these modes can be preferable to find in future experiment. Certain ways to test validity of the factorization scheme have been presented by emphasizing interplay between both approaches and carefully combining the predictions from both approaches. We have also shown that B meson decays to two tensor mesons in the final state do not happen in the factorization scheme, which can be tested in future experiment.
We have calculated the branching ratios and CP asymmetries for B → V T decays, using the full effective Hamiltonian including all the penguin operators which are essential to analyze the |∆S| = 1 processes and to calculate CP asymmetries. We have also used the non-relativistic quark model proposed by Isgur, Scora, Grinstein, and Wise to obtain the form factors describing B → T transitions. As shown in Tables III and V, the branching ratios vary from O(10 −7 ) to O(10 −10 ). Consistent with the prediction from the flavor SU(3) analysis, the decay modes such as
have the branching ratios of order of 10 
APPENDIX
In this Appendix, we present expressions for all the decay amplitudes of B → V T modes shown in Tables I and II (1) B → V T (∆S = 0) decays.
A(B + → ωa
A(B + → φa 
